We demonstrate fabrication of a high quality factor lithium niobate double-disk whispering-gallery microcavity using femtosecond laser assisted ion beam milling.
INTRODUCTION
High-quality (Q) factor whispering-gallery microcavities (WGMs) have attracted much attention for their broad range of applications ranging from optical signal processing and cavity quantum electrodynamics to biosensing and optomechanics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Currently, high-Q WGMs are mostly fabricated with e-beam or photo lithography, thermal reflow as well as mechanical milling and polishing technologies [11] [12] [13] . The mechanical approach lacks the potential for monolithic integration of multiple WGMs for on-chip applications while the lithography and reflow ones are limited by materials used in WGMs. Therefore, developing efficient fabrication techniques for producing on-chip crystalline WGMs is still challenging due to the incompatibility of a large number of crystalline materials and optical lithography. Nevertheless, it has recently been shown that femtosecond laser micromachining provides a promising approach to fabricating high-Q WGMs on various materials including glasses [14] [15] [16] , polymers [17, 18] , and crystals [19] [20] [21] . It is noteworthy that the successful demonstrations of high-Q WGMs on crystalline substrates open the door for miniaturized nonlinear optics applications.
In the past few years, significant nonlinear optical phenomena and efficient electro-optic tuning effects have been experimentally demonstrated in lithium niobate (LN) WGMs [22] [23] [24] [25] [26] . In addition, the capability of monolithic integration of LN microresonators with various nanophotonic structures has been reported [25] [26] [27] . To date, only single-layered LN micro-disks have been fabricated using the LN thin film substrate. It is known that silica double-disk is one of the unique structures which displays strong optomechanical effects due to the large optical gradient force provided by the strong interaction of optical fields between the top and bottom disks [28] [29] [30] [31] [32] . 
EXPERIMENT
We designed the double-layer X-cut LN thin film substrate as illustrated in Fig.   1 in Fig. 1(b) . The femtosecond laser fabrication took about 1 hour. Next, the periphery of the LN double-disk WGM were smoothed using focused ion beam (FIB) milling, as illustrated in Fig. 1(c) . In the FIB milling, a 30-kV ion beam with a beam current of 1 nA was used. The FIB milling was completed in 10 min. Finally, chemical wet etching, which selectively removes the SiO2 layers underneath the LN thin films to form freestanding double LN micro-disks, was performed in a solution of 2% hydrofluoric (HF) for 8 minutes, as shown in Fig. 1(e) . The SiO2 layer was partially preserved to support the double-disk LN microresonator. The diameter of the LN micro-disk is 30 μm. It took about 1.5 hrs in total to produce the LN double-disk WGM.
Measurement of quality factor and analysis of WGM modes
The optical micrograph in Fig. 2(a) shows the top-view image of the fabricated LN double-disk WGM. The side-view image obtained with the scanning electron micrograph (SEM) is presented in Fig. 2(b) , which reveals the detailed geometry of the fabricated LN double-disk. From the right inset in Fig. 2(b) , we determine that the thicknesses of top and bottom LN disks are 291 nm and 312 nm, respectively. An air gap of 138 nm is created between the top and bottom disks after the silica layer is partially removed by the chemical etching. In particular, from the left inset in Fig. 2(b) , the sidewall of the double-disk displays a tilt angle of 26 ∘ with respect to the axis perpendicular to the double-disk plane (see, Fig. 2(b) ). This slanting sidewall is caused by the conical ion beam used in the milling process. The surface appears smooth under the SEM examination, which ensures a high-Q factor of the fabricated double-disk as we have demonstrated before [21] .
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To measure the Q factor of the fabricated LN double-disk WGM, we used a system as shown in Fig. 3 . Here, a narrow-bandwidth continuous-wave tunable diode laser attempted to identify our measured modes with numerical simulations. Here, a full vector WGM mode solver was implemented using COMSOL 2-D axisymmetric, wave optics frequency domain electromagnetics module. In this simulation, we assume the refractive index of LN to be 2.2111 + 2.467 × 10 [33] . The edge of the double disk is centered in an 8-μm wide and 3-μm high computation window. To minimize the spurious reflection, 1.55-μm thick perfect match layers were added at the edges of the window. The inset in Fig. 4(a) shows the simulated WGM profile in the double disk, which corresponds to the fundamental quasi-TE mode at an azimuthal order of 102 at a resonance wavelength of 1572.16 nm. The resonant wavelengths obtained from experimental measurement and simulation nicely agree with each other, indicating that the measured mode is highly likely to be the mode shown in the inset. The slight difference in resonance wavelengths between the experiment and simulation can be attributed to the perturbation from the fiber taper, which can be modelled through 7 perturbation [34] or mode matching methods [35, 36] . We note that due to the existence of high-order modes and lack of full geometric information of the double-disk microcavity, complete determination of the modes by measurements requires more sophisticated techniques, which will be practiced in the future. The simulation also indicated an optical Q of 4.8×10 7 after only considering the absorption loss, corresponding to the ultimate Q value of such devices after optimizing our fabrication processes (i.e., by suppressing the scattering loss at the sidewalls as much as possible). Further, the plot of major transverse field in the left inset of the plot confirms that the mode is bonded in nature.
Furthermore, Fig. 4 (b) shows another measured Q-factor of 3.6×10 4 at 1566.13 nm, which is derived from Lorentz fitting as well. According to the simulation, the experimentally observed mode in Fig. 4 (b) may be attributed to a high order transverse mode at an azimuthal order of 96 with a resonance wavelength of 1565.91 nm. In contrast to the result reported in ref. [29] , our simulations show that the 64 ∘ wedge angle leads to degradation of Q for anti-bond modes by an order of magnitude.
Therefore, we concluded that the anti-bond mode was unlikely to be excited in our LN double-disk structure.
CONCLUSION
To conclude, we have demonstrated fabrication of LN double-disks of Q factors on the order of 10 5 . Our technique combines femtosecond laser direct writing and FIB milling, thereby providing both high fabrication efficiency and ultra-high fabrication resolution.
We envisage that such device is an excellent platform or the study of cavity QED where the LN provides another dimension of control to the corresponding experiments. In 8 future researches, we will exploit the unique electro-optical and nonlinear optical properties of such device to provide the tunability for investigating cavity optomechanics and nonlinear optics [26] . 
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